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HIGHLIGHTS 


►  The  single  crystalline  LiMn204  rods  obtained  using  y-MnOOH  as  a  self-template. 

►  LiMn2O4-450  sample  exhibits  a  high  initial  discharge  capacity  of  123.2  mA  h  g  1  at  0.1  C. 

►  LiMn2O4-450  sample  maintains  84.0  mA  h  g  1  after  500  cycles  at  IOC. 

►  At  40C,  LiMn2O4-450  sample  presents  a  good  discharge  capability  of  95.2  mA  h  g-1. 
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The  single  crystalline  LiMn204  rods  are  synthesized  by  solid  state  reaction  at  varying  temperatures 
(450  °C  and  550  °C)  using  y-MnOOH  rods  as  self- templates,  which  are  obtained  by  a  typical  hydro- 
thermal  process.  X-ray  diffraction,  scanning  electron  microscopy,  transmission  electron  microscopy  and 
electrochemical  tests  are  thoroughly  conducted/performed  to  investigate  its  structure  and  properties. 
XRD,  SEM  and  TEM  observations  show  that  LiMn204  spinel-type  powders  have  good  crystallinity  and 
similar  rods  morphology  with  the  width  of  300-400  nm  and  the  length  of  500  nm-5  pm.  As  the  cathode 
material  for  lithium  batteries,  LiMn204  synthesized  at  450  °C  delivers  higher  initial  discharge  capacity  of 
123.2  mA  h  g-1  at  0.1  C  and  retains  84.0  mA  h  g-1  after  500  cycles  at  IOC  rate.  Even  at  a  high  current 
density  of  40C,  the  material  still  presents  an  excellent  discharge  capability  of  95.2  mA  h  g_1.  The  probable 
effect  of  structure  and  prepared-temperature  is  analyzed  in  detail. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  current  years,  lithium-ion  batteries  (LIBs)  are  widely  used  in 
portable  electronic  and  have  received  much  attention  as  a  power 
source  for  hybrid  electric  vehicles  and  electric  vehicles  [1—3]. 
Spinel-type  LiM^CH  has  been  extensively  studied  as  one  of  the 
most  promising  cathode  materials  for  LIBs  because  of  its  intrinsic 
low-cost,  environmental  friendliness,  high  abundance,  better  safety 
and  facile  production  [4,5].  However,  it  is  difficult  to  meet  the 
increasing  requirement  of  high-power  applications  owing  to  the 
kinetic  problems  of  the  material,  namely,  a  large  polarization  at 
high  charge-discharge  rates  for  the  sluggish  Li+  ions  diffusion  in 
the  solid  active  material  [6-8]. 

Recently  nanostructured  lithium  intercalated  compounds  with 
various  morphologies  have  been  extensively  investigated  to 
improve  their  rate  capability  by  generating  the  favorable  plane  of 
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Li+  ions  diffusion:  for  instance,  nanoparticles,  nanowires,  nano¬ 
tubes,  hollow  spheres  and  mesoporous  materials  [9-12]  and  so  on. 
However,  such  an  improvement  is  often  considered  to  be  achieved 
at  the  expense  of  high  volumetric  energy  density,  which  is 
incompatible  with  high  power.  As  a  consequence,  a  number  of  soft 
chemistry  techniques  to  prepare  LiM^CH  have  been  explored  to 
solve  this  problem,  such  as  sol-gel  method  [13],  Pechini  process 
[14],  combustion  [15]  and  chemical  precipitation  [16].  Although 
uniform  LiM^CH  particles  with  good  electrochemical  performance 
could  be  thus  obtained,  the  synthetic  procedures  are  generally 
complex  and  costly.  Therefore,  solid  state  reaction  route  is  highly 
recommended  to  synthesize  high  power  capable  nanosized  mate¬ 
rials,  because  it  is  simple  and  scalable. 

Herein,  y-MnOOH  with  a  particular  one-dimensional  structure 
was  considered  as  a  possible  precursor  to  produce  nanosized 
LiMn204  electrode  materials.  But  the  greatest  challenge  is  how  to 
control  the  grain  size  distribution  of  the  lithiated  phase  and 
maintain  the  nanorod  morphology  of  y-MnOOH  precursor  during 
phase  transformation.  Reports  have  shown  that  chemical  lithiation 
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of  transition  metal  oxides  could  be  a  feasible  method  to  enhance 
the  performance  of  a  Li-ion  battery  without  significant  change  of 
oxide  morphology  [17,18].  In  this  paper,  we  successfully  synthe¬ 
sized  spinel-type  LiMn204  rods  via  a  facile  two-step  process: 
a  hydrothermal  reaction  to  prepare  y-MnOOH  rods  and  the 
following  solid  state  reaction  with  LiOH.  To  understand  the  rate 
capability  of  the  LiMn204  synthesized  at  various  temperatures, 
structure  and  morphology  were  investigated  and  the  probable 
mechanism  was  also  discussed. 

2.  Experimental 

The  synthesis  of  y-MnOOH  was  carried  out  via  one-step 
hydrothermal  method.  The  stoichiometric  amount  of  MnS04  •  H20, 
KMn04  and  CTAB  (Hexadecyl  trimethyl  ammonium  bromide)  was 
mixed  well  in  distilled  water  and  stirred  for  an  hour.  Afterward,  the 
suspension  was  transferred  into  a  100  mL  Teflon-lined  stainless- 
steel  autoclave,  sealed  and  maintained  at  160  °C  for  25  h.  The 
product  was  cooled  to  room  temperature,  filtered  and  washed  with 
distilled  water,  ethanol  and  acetone.  Finally,  the  brown  powder 
were  obtained  and  dried  under  vacuum  at  60  °C  for  10  h. 

LiMn204  powder  was  prepared  by  the  following  procedure:  A 
stoichiometrically  required  amount  of  as-prepared  y-MnOOH  was 
added  to  an  aqueous  solution  of  LiOH  •  H20  and  stirred  for  an  hour. 
The  mixture  was  dried  in  a  vaccum  oven/oven,  and  then  the  solid 
product  was  ground  and  calcinated  in  air  at  450  °C  and  550  °C  for 
15  h,  respectively.  The  final  products  were  referred  to  as  “LiMn204- 
450”  and  “LiMn2O4-550”,  respectively. 

X-ray  diffraction  (XRD,  Rigaku  D/Max-2400,  Japan)  using  Cu  Ka 
radiation  was  employed  to  identify  the  crystalline  phase  of  the 
synthesized  material.  The  data  were  recorded  in  the  10—80°  26 
range  at  the  scanning  rate  of  6°  min-1.  The  patterns  were  analyzed 
by  the  Rietveld  method  as  implemented  in  the  program  GSAS. 
Scanning  electron  microscopy  (SEM,  Hitachi  S-4800,  Japan), 
transmission  electron  microscopy  (TEM)  and  high-resolution 
transmission  electron  microscopy  (HR-TEM,  JEOL-2100F,  Japan) 
were  engaged  to  observe  morphology,  size  and  distribution  of  as- 
prepared  compounds.  X-ray  photoelectron  spectroscopy  (XPS) 
was  collected  using  American  PHI5700ESCA  with  a  non- 
monochromatic  Mg  Ka  (1253.6  eV)  light  source. 

The  electrodes  were  fabricated  by  casting  a  slurry  of  75  wt.% 
active  material,  15  wt.%  carbon  black,  and  10  wt.%  poly(vinylidene 
fluoride)  (PVDF)  in  N-methylpyrrolidinone  (NMP)  solvent  onto  an 
Al  foil  substrate.  The  slurry  was  dried  in  vacuum  at  60  °C  overnight. 
The  film  was  cut  into  pieces  of  about  0.6  x  0.6  cm2  to  act  as  elec¬ 
trodes.  The  testing  half-cells  were  assembled  in  an  Ar-filled  glove 
box  (MB-10-G  with  TP170b/mono,  MBRAUN)  with  lithium  metal  as 
counter  and  reference  electrode.  Electrolyte  was  1  M  LiPF6  in 
a  mixed  solution  of  EC  and  DEC  (1:1  in  volume  ratio).  The 
charge-discharge  measurements  were  galvanostatically  carried 
out  using  a  battery  test  system  (NEWARE  BTS-610,  Newware 
Technology  Co.,  Ltd.,  China)  at  different  current  densities  in  the 
voltage  range  of  2.0-4.6  V  (vs.  Li/Li+).  Cyclic  voltammograms  (CVs) 
were  measured  with  an  electrochemical  workstation  (CHI1100A)  at 
a  scan  rate  of  0.1  mV  s-1  between  3.3  and  4.5  V  (vs.  Li/Li+). 

3.  Results  and  discussion 

3.1.  The  evolution  ofMnOOH  to  LiMn204  and  the  characterization 
of  LiMn204 

Fig.  1  shows  the  Rietveld  refinement  of  XRD  pattern,  SEM  and 
TEM  images  of  the  nanostructured  y-MnOOH.  All  the  peaks  in  the 
Fig.  la  can  be  indexed  to  a  monoclinic  phase  (JCPDS  No.  41-1379) 
with  lattice  constants  a  =  5.300A,  b  =  5.278A  and  c  =  5.307A  Fig.  lb 


shows  the  SEM  image  of  as-prepared  y-MnOOH  rods.  It  is  observed 
that  a  large  quantity  of  uniform  rod-like  nanostructures  were 
formed  with  about  200-300  nm  in  width  and  approximately  8  pm 
in  length.  The  rod-like  nanostructure  of  the  sample  is  further 
examined  by  TEM  and  HRTEM  as  shown  in  Fig.  lc-e.  The  result 
demonstrates  its  single-crystalline  structure  corresponding  to  the 
selected  area  electron  diffraction  (SAED)  pattern  (Fig.  Id).  The 
diffraction  spots  can  be  indexed  to  (111),  (020)  and  (131)  planes  of 
monoclinic  y-MnOOH  (JCPDS  No.  41-1379).  The  HRTEM  image 
(Fig.  le)  corresponding  to  the  circled  area  marked  in  Fig.  lc  indi¬ 
cates  clearly  the  atom  arrangements,  which  further  confirms  the 
single-crystalline  structure  of  y-MnOOH.  As  depicted  in  Fig.  le, 
interplanar  spacings  of  (020)  and  (111)  is  2.6  A  and  3.4A, 
respectively. 

Fig.  2  shows  XRD  patterns  and  the  Rietveld  refinement  profiles 
of  the  LiMn204  precursors  calcined  at  varying  temperatures  for  15  h 
in  air.  All  the  peaks  can  be  indexed  to  a  pure  cubic  spinel  phase 
(Fd3m,  space  group  227)  which  corresponds  to  JCPDS  data  No.35- 
0782,  shown  in  Fig.  2a.  Small  quantities  of  Mn203  were  detected 
in  LiMn204-450  sample  which  were  not  in  LiMn204-550  sample. 
The  characteristic  peaks  of  two  samples  are  similar,  whereas  the 
peak  intensity  is  increased  with  the  ascent  of  synthesis  tempera¬ 
ture.  The  result  implies  that  the  crystallinity  of  LiMn2O4-450 
sample  is  lower  while  that  of  LiMn2O4-550  is  higher.  The  data  for 
the  samples  obtained  at  450  °C  and  550  °C  were  listed  in  Table  1. 
Two  samples  have  slight  difference  in  cell  parameters,  indicating 
their  similar  structure.  The  position  and  full  width  at  half  maximum 
(FWHM)  of  the  (311)-plane  peak  are  the  important  factors  for  the 
crystallinity  of  spinel  structure,  as  reported  by  Manev  et  al.  [19]  and 
Lee  et  al.  [20].  The  data  in  Table  1  displays  that  LiMn2O4-550  owns 
higher  crystallinity  than  LiMn2O4-450,  consistent  with  results  in 
Fig.  2a.  On  the  other  hand,  the  lattice  parameter  value  of  the 
LiMn2O4-450  is  the  closed  to  the  critical  lattice  parameter  values  of 
8.23  A  [21  ].  The  synthesis  procedure  could  be  described  as  follows: 

2MnOOH  =  Mn203  +  H20  ( 1 ) 

4LiOH  +  4Mn203  +  02  =  4LiMn204  +  2H20  (2) 

X-ray  photoelectron  spectroscopy  (XPS)  has  been  widely  used  to 
study  the  electronic  structure  of  materials.  The  XPS  binding  ener¬ 
gies  provide  chemical  information  such  as  the  oxidation  state.  The 
Mn  2p  XPS  spectra  of  LiMn204  sintered  at  different  temperatures 
are  shown  in  Fig.  3.  The  Mn  2p3/2  binding  energies  of  the  samples 
with  the  sintering  temperature  of 450  °C  and  550  °C  are  found  to  be 
642.4  eV  and  642.5  eV,  respectively,  indicating  that  the  Mn  oxida¬ 
tion  state  in  spinel-type  LiMn204  was  almost  the  same  between  +3 
and  +4  [22].  However,  in  the  XRD  results,  the  small  amounts  of 
impure  phases  presented  at  450  °C  can  be  identified  as  Mn203. 
Therefore,  due  to  the  Mn3+  existed  in  Mn203  at  450  °C  which  was 
not  shown  at  550  °C,  the  proportion  of  Mn4+  atoms  is  larger  in 
samples  at  450  °C  than  that  at  550  °C.  These  results  are  in  agree¬ 
ment  with  the  XRD  analysis  above.  Hence,  we  think  that  the 
synthesis  temperature  450  °C  is  suitable  for  the  high  performance 
of  lithium  ion  batteries  as  follows. 

LiMn204  has  a  three-dimensional  lithium  diffusion  path  and 
every  plane  is  suitable  to  exchange  lithium  ion  from  active  mate¬ 
rials  to  the  electrolyte,  attribute  to  favorable  spinel  cubic  structure 
[23].  Fig.  4  shows  the  SEM,  TEM,  HRTEM  and  SAED  images  of 
LiMn204  rods  obtained  at  varying  temperatures.  The  SEM  images 
(Fig.  4a  and  b)  show  that  two  samples  have  similar  rods 
morphology  with  the  width  of  300-400  nm  and  the  length  of 
500  nm-5  pm.  Slight  agglomeration  can  be  observed  with  the 
increasing  of  temperature.  All  the  samples  were  well  dispersed  and 
maintained  the  morphology  of  y-MnOOH  rods  self-template  after 
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Fig.  1.  (a)  Rietveld  refinement  of  XRD  pattern  of  y-MnOOH  rods;  (b)  SEM,  (c)  TEM,  (d)  corresponding  SAED  patterns  and  (e)  HR-TEM  images  of  y-MnOOH  rods. 


an  irreversible  phase  transition,  only  that  rods  became  shorter  in 
length  [23].  It  is  probably  ascribed  to  the  high-temperature  process / 
damage.  Generally/However,  it  is  favorable  to  shorten  the  path  of 
intercalation/deintercalation  for  lithium  ion  to  some  extent,  thus 
increasing  the  actual  specific  capacity.  Rod-like  nanostructure  of 
the  samples  was  further  examined  by  TEM  and  HR-TEM.  The  HR- 
TEM  images  (Fig.  4c  and  d)  show  that  all  the  samples  are  single 
crystalline  and  consist  with  cubic  structure.  The  diffraction  spots 
(Fig.  4e  and  f)  can  be  indexed  to  (220)  and  (311)  planes  of  cubic 
spinel-type  LiMn204  (JCPDS  data  No.35-0782).  With  an  increased 
calcining  temperature,  the  primary  width  of  the  LiMn204  rods  rises, 
the  appearance  of  the  primary  rods  becomes  breakdown,  and  the 
amount  of  big  particles  increases. 


3.2.  The  electrochemical  reaction  mechanism  of  LiM^O 4 

Cyclic  voltammograms  test  was  engaged  to  analyze  oxidation / 
reduction  and  phase  transformation  processes  in  electrode  reac¬ 
tions  [24-26].  Fig.  5  depicts  the  CV  curves  measured  in  the 
potential  range  of  3. 3-4.5  V  at  a  sweep  rate  of  0.1  mV  s  l  The  CV 
curves  exhibit  two  pairs  of  clearly  separated  oxidation/reduction 
peaks.  The  higher  oxidation/reduction  peaks  attribute  to  Li+ 
intercalation/deintercalation  from  the  8a  sites  where  Li — Li  inter¬ 
actions  do  not  occur,  corresponding  to  Li+  intercalation/dein¬ 
tercalation  over  the  x  value  range  of  0  <  x  <  0.5  in  LixMn204.  The 
lower  ones  are  owing  to  Li+  intercalation/deintercalation  from  the 
8a  sites  but  where  Li— Li  interactions  occur,  corresponding  to  Li+ 
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Fig.  2.  (a)  XRD  patterns  for  the  LiMn204  precursors  calcined  at  various  temperatures 
and  Rietveld  refinement  for  XRD  patterns  of  the  LiMn204  precursors  calcined  at 
varying  temperatures:  (b)  450  °C;  (c)  550  °C. 


Table  1 

Cell  parameters  data  for  the  cubic  spinel-type  LiMn204  samples  obtained  at  different 
temperatures. 


Sample 

LiMn2O4-450 

LiMn204-550 

a  (A) 

8.228 

8.243 

v  (A3) 

557.087 

560.285 

Plane  (311)/degree 

Position/20 

36.02 

36.08 

FWHM 

0.33 

0.30 

intercalation/deintercalation  over  the  x  value  range  of  0.5  <  x  <  1  in 
LixMn204  [27].  LiMn204-450  sample  exhibits  higher  peak  current 
and  peak  area,  shown  in  Fig.  5(a).  It  indicates  higher  discharge 
capacity,  consistent  with  the  results  discussed  above.  While 
LiMn2O4-550  sample  shows  a  lower  one  (Fig.  5(b)).  The  reason  may 
be  that  stoichiometric  LiMn204  begins  to  lose  oxygen  and  dispro- 
portionates  to  rocksalt  phase  LiMnC^  and  tetragonal 
Lii_2xMn2-x04_2x-y  when  heated  approximately  550  °C  [28]. 
Table  2  shows  the  experimental  data  of  the  ratio  of  peak  currents 
(Jpa//pc)  and  potential  interval  between  oxidation  peak  and  reduc¬ 
tion  peak  (A0P).  The  experimental  data  of  Jpa/Jpc  and  A</>p  for  the 
LiMn2O4-450  sample  respectively  are  1.04  and  127  mV,  however, 
those  for  the  LiMn2O4-550  sample  are  1.08  and  140  mV.  It 
demonstrates  that  lithium  ions  are  intercalated  and  deintercalated 
reversibly  in  the  LiMn204  samples  obtained  at  low  temperature, 
just  as  reported  [29]. 

Fig.  6  shows  the  initial  charge-discharge  curves  of  the  sample 
LiMn204-450  and  LiMn204-550  at  0.1C  (1C  =  148  mA  h  g'1).  All  the 
samples  exhibit  two  plateaus  around  3.95  and  4.18  V,  due  to  two- 
step  oxidation/reduction  process  of  spinel-type  LiM^CU  [23,30], 
consistent  well  with  the  results  shown  in  Fig.  5.  The  initial  charge 
and  discharge  specific  capacity  of  LiMn2O4-450  sample  are 
148.0  mA  h  g-1  and  131.5  mA  h  g_1  respectively,  with  a  columbic 
efficiency  of  88.9%.  The  initial  charge  and  discharge  specific 
capacity  of  LiMn204-550  sample  are  142.7  and  129.4  mA  h  g-1 
respectively,  exhibiting  a  little  higher  columbic  efficiency  of  90.7%. 
However,  it  is  obvious  that  LiMn204-550  exhibits  much  narrower 
potential  plateaus  than  LiMn2O4-450.  It  is  probably  owing  to  the 
agglomeration  of  the  grains  caused  by  the  sintering  process  at 
much  higher  temperature.  It  probably  reduces  specific  surface  area 
of  the  sample  and  blocks  the  full  penetration  of  electrolyte,  and 
thereby  cuts  down  the  quantity  of  intercalation/deintercalation  for 
lithium  ion. 


3.3.  The  rate  capability  and  cycling  performance  ofLiMn204 

Rate  performance  was  investigated  at  the  varying  rate  from  0.1  C 
(14.8  mA  g-1)  to  40C  (5920  mA  g-1)  in  the  first  discharge  cycle.  As 
shown  in  Fig.  7a,  the  discharge  specific  capacities  of  LiMn2O4-450 
are  131.5  mA  h  g-1, 128.7  mA  h  g~\  127.6  mA  h  g~\  127.4  mA  h  g^1, 
111.2  mA  h  g-1, 103.7  mA  h  g”1  and  95.2  mA  h  g-1,  corresponding 
the  current  rate  of  0.1  C,  1C,  2C,  3C,  10C,  20C  and  40C,  respectively. 


664  660  656  652  648  644  640  636  632 


Binding  energy  (eV) 

Fig.  3.  Mn  2p  XPS  spectrum  of  the  spinel-type  LiMn204  sintered  different  tempera¬ 
tures:  (a)  450  °C  and  (b)  550  °C. 
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Fig.  4.  SEM,  TEM,  HRTEM  and  SAED  images  of  LiMn204  rods  obtained  at  varying  temperatures:  (a,  c,  e)  LiMn2O4-450;  (b,  d,  f)  LiMn2O4-550. 
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While  discharge  capacity  of  the  LiMn2O4-550  rods  cathode 
decreases  to  129.4  mA  h  g_1,  122  mA  h  g-1,  119  mA  h  g^1, 
112.7  mA  h  g~\  109.4  mA  h  g~\  99.3  mA  h  g”1  and  92.6  mA  h  g~\ 
corresponding  the  current  rate  of  0.1  C,  1C,  2C,  3C,  10C,  20C  and  40C, 
respectively.  Under  the  same  rate,  the  discharge  capacity  of 
LiMn204-450  sample  is  higher  than  that  of  LiMn2O4-550.  As  the 
current  rate  increases,  the  pseudo  plateau  of  discharge  curve  for  the 
two  samples  moved  downward.  In  fact,  at  lower  rates  the  cell 
operates/react  close  to  equilibrium  conditions,  whereas  at  higher 
rates  electrode  overpotentials  and  the  internal  resistant  drop, 
mainly  due  to  the  low  conductive  organic  electrolyte  increase,  thus 
decreasing  the  operating  voltage  of  the  cell  [31  ].  Even  at  40C,  the 
LiMn204-450  sample  still  has  a  flat  voltage  plateau  about  3.75  V  and 


Table  2 

The  experimental  data  of  the  ratio  of  peak  currents  (/pa//pC)  and  potential  interval 
between  oxidation  peak  and  reduction  peak  (A</>p). 


Samples 

0pa  (V) 

0pc(V) 

A0P  (mV) 

/pa  (mA) 

/pc  (mA) 

/pa//p 

LiMn204-450 

4.188 

4.061 

127 

0.0750 

0.0715 

1.04 

LiMn204-550 

4.200 

4.06 

140 

0.0553 

0.0510 

1.08 

Fig.  5.  Cyclic  voltammograms  curves  of  the  LiMn2O4-450  and  LiMn2O4-550  samples. 
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Fig.  6.  Initial  charge-discharge  curves  of  LiMn204-450  and  LiMn2O4-550  samples  in 
the  range  of  3.0-4.3  V  (vs.  Li/Li+)  at  0.1  C. 

delivers  95.2  mA  h  g-1.  The  results  show  that  this  kind  of  cathode 
material  has  good  rate  performance  and  low  polarization. 

Fig.  8a  shows  the  cycling  stability  curves  for  LiMn204-450  and 
LiMn204-550  samples  at  varying  rates  in  the  potential  range  of 


Fig.  8.  (a)  Cycling  stability  curves  of  LiMn2O4-450  and  LiMn2O4-550  samples  at  varying 
rates  in  the  potential  range  of  3.0-4.3  V;  (b)  cycling  stability  of  LiMn2O4-450  and 
LiMn2O4-550  at  a  4C  rate  in  the  potential  range  of  3.0-4.3  V. 

3.0— 4.3  V.  The  discharge  capacity  of  the  LiMn204-450  sample  is 
higher  than  that  of  LiMn2O4-550  sample  at  the  same  rates.  The 
discharge  capacity  of  the  LiMn2O4-450  sample  remains  stable  and 
decreases  regularly  and  steadily  as  the  rate  increases.  Moreover,  the 
capacity  can  be  approximately  recovered  to  the  initial  value  when 
the  current  density  is  raised  to  1 C  rate  again.  It  implies  that  both  of 
the  two  samples  own  good  electrochemical  reversibility  and  cycle 
stability,  in  which  LiMn2O4-450  sample  is  better.  Fig.  8b  shows  the 
cycling  stability  of  LiMn2O4-450  and  LiMn2O4-550  at  a  10C  rate  in 
the  potential  range  of  3. 0-4.3  V.  The  initial  irreversible  capacity 
loss  of  LiMn2O4-450  and  LiMn2O4-550  are  10.1%  and  24.7%, 
respectively,  caused  by  the  formation  of  solid  electrolyte  interphase 
(SEI)  layer  [32].  After  the  first  cycle,  the  LiMn2O4-450  sample 
exhibits  excellent  cycling  performance.  It  shows  a  quite  slow 
capacity  fading  with  an  average  capacity  loss  of  0.03  mA  h  g-1  per 
cycle  during  500  charge-discharge  cycles,  in  other  words,  the 
discharge  capacity  of  LiMn204-450  maintains  above  85%  of  its 
second  capacity  after  500  cycles,  whereas  capacity  retention  is 
74.4%  for  the  LiMn2O4-550  electrode. 

3.4.  The  morphology  maintenance  of  LiMn204  during  cycling 


Fig.  7.  The  initial  discharge  curves  of  LiMn2O4-450  (a)  and  LiMn2O4-550  (b)  at  different  Furthermore,  to  better  understand  the  merits  of  the  rod  LiMn204 

current  densities.  during  cycling,  the  electrode  fabricated  from  the  cathode  active 
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materials  of  LiMn2O4-450  observed  before  and  after  300, 500  cycles 
at  lOC-rate  with  SEM.  Fig.  9(a)  is  a  SEM  image  showing  the  surface  of 
the  single  crystalline  LiMn204  electrode  before  cycle,  where  the 
integrity  of  electrode  can  be  clearly  observed.  Then  after  300  cycles, 
the  surface  of  electrode  almost  has  no  change  in  Fig.  9(b).  After  500 
cycles,  some  cracks  of  rods  can  be  clearly  observed  on  the  surface  of 
the  electrode,  however,  where  the  integrity  and  the  uniform  rods  of 
the  electrode  are  retained  shown  in  Fig.  9(c).  It  is  well-known  that  Li 


Fig.  9.  SEM  images  of  the  LiMn2O4-450  electrode  before  and  after  300,  500  cycles,  (a) 
Before  initial  discharge,  (b)  After  300  cycles,  (c)  After  500  cycles. 


ions  can  be  intercalated  in  the  empty  octahedral  sites  of  the  LiMi^CU 
spinel  structure  to  form  Lii+xMn204.  In  addition,  the  irreversible 
variations  of  spinel  cubic  structure  in  the  cycling  existed  for  the 
LiMn204  material,  and  those  variations  can  be  speculated  due  to 
Jahn-Teller  effect.  Besides,  LiMn204  has  a  three-dimensional 
lithium  diffusion  path  due  to  favorable  spinel  cubic  structure. 
Every  plane  is  suitable  to  exchange  lithium  ion  from  active  materials 
to  the  electrolyte.  Therefore,  the  very  good  performances  of 
submicron  rod-LiMn204  synthesized  at  450  °C  can  be  understood  in 
terms  of  morphological  and  structural  features. 

4.  Conclusions 

The  single  crystalline  LiMn204  rods  have  been  successfully 
prepared  by  solid  state  reaction  using  y-MnOOH  rods  as  a  self¬ 
template.  Synthesized  temperature  has  great  influence  in  electro¬ 
chemical  performance  of  single  crystalline  LiMn204  cathode 
materials.  The  results  show  that  LiMn2O4-450  sample  has  better 
discharge  capacity,  cycle  stability  and  rate  performance.  It  exhibits 
a  high  initial  discharge  capacity  (111.3  mA  h  g-1)  at  10C,  main¬ 
taining  84  mA  h  g-1  after  500  cycles.  Even  at  a  high  current  density 
of  40C,  the  material  still  presents  an  excellent  discharge  capability 
of  95.2  mA  h  g-1.  It  is  meaningful  to  research  high  performance 
spinel-type  LiMn204  as  promising  substitute  of  cathode  materials 
for  novel  lithium  ion  battery  in  application. 
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